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ABSTRACT

In upland areas of Canyonlands National 
Park, Utah, thin deposits and paleosols show 
late Quaternary episodes of eolian sedimen-
tation, pedogenesis, and climate change. 
Interpretation of the stratigraphy and opti-
cally stimulated luminescence ages of eolian 
and nearby alluvial deposits, their pollen, 
and intercalated paleosols yields the follow-
ing history: (1) Eolian deposition at ca. 46 ka, 
followed by several episodes of alluviation 
from some time before ca. 40 ka until after 
16 ka (calibrated). (2) Eolian deposition from 
ca. 17 ka to 12 ka, interrupted by periods of 
pedogenesis, coinciding with late Pleistocene 
alluviation as local climate became warmer 
and wetter. (3) A wetter period from 12 to 
8.5 ka corresponding to the peak of summer 
monsoon infl uence, during which soils formed 
relatively quickly by infi ltration of eolian silt 
and clay, and trees and grasses were more 
abundant. (4) A drier period between ca. 8.5 
and 6 ka during which sheetwash deposits 
accumulated and more desertlike vegetation 
was dominant; some dunes were reactivated 
at ca. 8 ka. (5) Episodic eolian and fl uvial 
deposition during a wetter, cooler period that 

began at ca. 6 ka and ended by ca. 3–2 ka, fol-
lowed by a shift to drier modern conditions; 
localized mobilization of dune sand has per-
sisted to the present. These interpretations 
are similar to those of studies at the Chaco 
dune fi eld, New Mexico, and the Tusayan 
dune fi eld, Arizona, and are consistent with 
paleoclimate interpretations of pollen and 
packrat middens in the region.

A period of rapid deposition and infi ltra-
tion of eolian dust derived from distant igne-
ous source terranes occurred between ca. 12 
and 8 ka. Before ca. 17 ka, and apparently 
back to at least 45 ka, paleosols contain little 
or no such infi ltrated dust. After ca. 8 ka, 
either the supply of dust was reduced or the 
more arid climate inhibited translocation of 
dust into the soils.

Keywords: Colorado Plateau, dunes, eolian 
dust, paleoclimate, paleosols, soil nutrients.

INTRODUCTION

Semiarid and arid regions of the world react 
sensitively to climate change. Indicators of 
environmental change commonly used in stud-
ies of these areas include lacustrine deposits, 
pollen from stratigraphic sequences, and plant 
macrofossils from packrat middens. Eolian sand 

sheets and dunes are common features of semi-
arid regions, and their deposits and intercalated 
paleosols potentially contain a long-term record 
of landscape response to climate fl uctuations.

Mineral dust may strongly infl uence land-
scapes and ecosystems by adding materials to 
soils that change their properties (e.g., Reheis 
et al., 1995; Simonson, 1995; Herrmann et al., 
1996). Dust incorporated into aridic soils affects 
water-infi ltration rates, the evolution and stabil-
ity of desert surfaces, the distribution of surface 
and subsurface water (McFadden et al., 1987, 
1998; McDonald et al., 1996), and relations 
among eolian dust, distribution of plants and 
soil crust, rain-water runoff, and productivity 
(McFadden and McAuliffe, 1997; Shachak and 
Lovett, 1998; Belnap et al., 2000; Reynolds et 
al., 2001).

The Canyonlands physiographic section of 
the Colorado Plateau (Fig. 1) is characterized by 
high-elevation (1500–2200 m) benches, mesas, 
and slickrock buttes of resistant sandstone. These 
landforms, in many cases isolated from alluvial 
and colluvial sedimentation, are commonly 
mantled by a thin layer of fi ne-grained sandy 
sediment supporting upland grass and shrub 
steppe. Active wind transport of sand occurs 
in areas of abundant sand supply and where 
vegetation has been disturbed by land use. Lay-
ers of locally derived eolian sand separated by 
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paleosols in small relict dune fi elds indicate late 
Quaternary changes in land-surface stability.

In this paper, we discuss the depositional 
history, age, and paleoclimate setting of eolian 
and alluvial deposits and intercalated paleosols 
at fi ve sites in the area of Canyonlands National 
Park, Utah. The relatively thin deposits of eolian 
sand preserve a nearly 50 k.y. record of alternat-
ing periods of deposition and stability. In com-
bination with pollen contained in these deposits, 
these records provide new insights on the late 
Quaternary landscape stability and paleoclimate 
of the Colorado Plateau. In addition, textural 
and magnetic data record episodic additions of 
far-traveled infi ltrated dust in surface and buried 
soils, with ecologic implications for modern 
ecosystem dynamics in this area.

STUDY SITES AND METHODS

The Canyonlands area of the Colorado Pla-
teau is cool and semiarid. At the Needles visitor 
center (Fig. 1), intermediate in location and alti-
tude (1523 m) between four of our sites, mean 
annual precipitation is 21 cm (38 yr record), and 
mean January and July temperatures are –1.9 °C 
and 25.8 °C, respectively (National Climatic 
Data Center, http://www.wrcc.sage.dri.edu/
climsum.html). The Neck station in the Island 
in the Sky district is 14 km from the northern 
study site (ISKY dune) and at the same altitude 
(1807 m). Precipitation and temperature ranges 
are similar to The Needles despite the difference 
in altitude. In both areas, ~40% of precipitation 
falls during late July to October, the remainder 
being about equally distributed through the 
year; prevailing winds are from the west.

Study Sites

Virginia Park, the focus of most of our work 
(Fig. 1), is a sheltered basin of vegetated, sta-
bilized sand dunes bordered on three sides by 
vertical sandstone cliffs, and on the fourth by 
a canyon (Fig. 2, Table 1). Dune ridges rise as 
much as 5 m above intervening swales. Auger 
holes indicate the sand is at least 4 m thick, 
thinning to zero at the margins. Modern vegeta-
tion includes abundant grasses and shrubs and 
scattered trees in bedrock and cliff-marginal 
locations (Table 1; M. Miller, U.S. Geological 
Survey, personal commun., 1998). Small drain-
ages dissect the Quaternary sediment within 
the basin and locally provide exposures of the 
stratigraphy.

The Hamburger Rock site (Fig. 1, Table 1) has 
a thin sheet of Quaternary eolian sand, including 
active coppice dunes overlying shale. The Bureau 
of Land Management excavated trenches in the 
sand and underlying bedrock and in an adjacent 

area of sandy sheetwash alluvium in search of 
subsurface archaeological features. As part of 
this study, Shearin et al. (2000) described and 
sampled surface and buried soils and analyzed 
pollen samples from the sediment.

The ISKY site is a quarry in a partially active 
clifftop dune containing paleosols on the east-
ern edge of the plateau between the Green and 
Colorado Rivers (Figs. 1 and 3A; Table 1). The 
Quaternary dune sand is probably derived from 
erosion of the nearby Navajo Sandstone (Hunt-
oon et al., 1982). The graben-fi ll site (Figs. 2 
and 3B; Table 1) east of Virginia Park contains 
deposits within a closed depression formed by 
faulting due to fl ow of underlying salt beds 
westward toward the Colorado River (Fig. 1; 
Hunt, 1969; Walsh and Schultz-Ela, 2003). 
Later incision by Chesler Canyon has created 
a near-vertical cut exposing more than 6 m of 
slightly gravelly, poorly sorted, silty sand with 
interbedded paleosols (Fig. 3B).

Salt Creek is an intermittently fl owing 
tributary of the Colorado River that heads in 

the Abajo Mountains (Fig. 1). The modern 
sediment transported by Salt Creek includes 
fi ne to medium volcanic gravel from the Abajo 
Mountains and sand derived locally from the 
Cedar Mesa Sandstone. We studied fi ve terrace 
surfaces fl anking Salt Creek (Fig. 4).

Sampling and Description

Within Canyonlands National Park, strati-
graphic descriptions and samples were primar-
ily obtained with a soil auger, supplemented by 
natural exposures of dune sand and alluvium 
in arroyo cuts and by two shallow hand-dug 
soil pits (VP-1, VP-2; Fig. 2) in a dune crest 
and a dune swale. Outside the boundary of the 
park, samples were collected from backhoe 
pits at Hamburger Rock (Fig. 1; Shearin et al., 
2000) and from a 9-m-thick section of dune 
sands and paleosols exposed by the quarry 
at ISKY dune. Most of the outcrops and soil 
pits were described (Table 2) following Birke-
land (1999). The soil-auger sequences were 

  

 

 

 

  

38
00

'N
38

  3
0 

N'

 
 

109  30 W'110  00 W'

 

0 20 km

,

Moab

Monticello

La Sal

M
ountains

Abajo

Mtns.

Indian Creek

S
alt C

reek

Arches
National
Park

Canyonlands
National

Park
Colo

rad
o R

ive
r

Colo
rad

o R
ive

r

G
reen  R

iver

Needles
area

Hamburger
Rock

ISKY
dune

Colorado
Plateau

Tusayan
dunes

Chaco
dunes

WA

OR

CA

NV

ID

MT

WY

CO

NM
AZ

UT

Figure 1. Maps of Canyonlands area and locations of study sites (“Needles area” includes 
Virginia Park and graben-fi ll sites). Inset, location of Canyonlands area (black box) within 
the Colorado Plateau and nearby dune fi elds. Mtns.—Mountains.
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Figure 2. Location of Virginia Park and graben-fi ll site (inset), and map and sample locations in Virginia Park. Note subdued dune crests 
indicated by lighter tone and contours near 8U-11 and VP-1 (Table 1). Map constructed by using an aerial photo base with superimposed 
contours from digital elevation model, supplemented with detailed altitudes and survey points collected with a Trimble GPS unit and dif-
ferentially corrected after processing.

TABLE 1. CHARACTERISTICS OF STUDY SITES IN THE CANYONLANDS AREA

Site name
(altitude)

Sample designations Substrate Vegetation

Virginia Park 
(1720 m)

VP-1, VP-2 (pits)
8U-14, 8U-13 (arroyo cuts)

8U-10, 8U-11, 8U-12, 9U-22, 
9U-23, 00U-27 (auger holes)

Dune sand overlying 
Cedar Mesa Formation 
(Billingsley et al., 2002)

Poaceae (grasses), Bromus tectorum (cheat grass), Pinus edulis (pinyon pine), 
Juniperus osteosperma (Utah juniper), Atriplex canescens (four-wing saltbush), 

Ceratoides lanata (winterfat), Ephedra (Mormon tea), Plantago patagonica (wooly 
plantain), Artemisia tridentata (big sagebrush), Opuntia spp. (prickly pear)

Hamburger Rock
(1485 m)

Trenches 2, 3, 5, and 7 Eolian sand overlying 
Permian shale (Huntoon et 

al., 1982)

A. canescens, Sarcobatus vermiculatus (greasewood), Ephedra, Tetradymia 
glabrata (horsebush), Gutierrezia sarothrae (snakeweed), Opuntia, Poaceae, 

scattered Juniperus

ISKY dune 
(1807 m)

02U-1 Eolian sand overlying 
Kayenta Formation

Similar to Virginia Park but more Pinus and Juniperus

Graben fi ll 
(1585 m)

9U-21 Graben-fi ll deposits Similar to Virginia Park

Salt Creek 
(1525 m)

SC-15 Alluvium A. canescens, S. vermiculatus, Salix exigua (willow), Tamarix ramosissima 
(tamarisk), Chrysothamnus nauseous (rubber rabbitbrush), A. tridentata, Poaceae



REHEIS et al.

1054 Geological Society of America Bulletin, July/August 2005

described similarly, but with less precision 
because of the lack of visible exposure and 
because of the mixing that occurred when the 
auger was reinserted into the hole. Approxi-
mate soil horizon boundaries were identifi ed 
during the augering by changes in soil color, 
carbonate morphology, effervescence in HCl, 

and sediment texture. Samples from the auger 
holes were taken from the interior of the 
largest, most intact clods of material within 
each bucketful. Laboratory results from these 
samples are plotted as single points with depth, 
in contrast to the depth-integrated samples 
obtained from outcrops and soil pits.

Particle Size and Magnetic Analyses

Particle-size distribution of samples was 
determined as volume percentage by a laser-light 
scattering method (McCave and Syvitski, 1991). 
Particle-size distributions measured in this way 
should be similar to those measured by conven-
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Figure 3. Photographs of selected study sites. Dots show locations and ages of optically stimulated luminescence (OSL) samples (02U-1A, 
etc.; Table 4 and Fig. DR1 [see footnote 1]). (A) Clifftop dune (ISKY site) on eastern edge of mesa top north of Canyonlands National Park. 
Sand pit exposes four eolian sand units separated by paleosols. (B) Graben-fi ll site east of Virginia Park (Fig. 2). Arroyo cut exposes one 
eolian (unit 1) and three alluvial units separated by paleosols.

Figure 4. Map and generalized cross section of alluvial deposits along a portion of Salt Creek (location on Fig. 1).
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tional (pipette-sieve) methods for our samples, 
which are dominantly quartz sands with small 
amounts of mica and clay-sized particles (Buur-
man et al., 1997; Hayton et al., 2001). Carbonate 
was removed with a 15% hydrochloric acid solu-
tion, and organic matter was removed with a 30% 
solution of hydrogen peroxide where needed. 
Carbonate content was measured with a Chit-
tick apparatus as modifi ed by Machette (1986). 
Tests on selected samples as well as results from 
a previous study (Reynolds et al., 2001) showed 
that organic matter content is typically less than 
1% and soluble salt content less than 0.25%; thus, 
we did not systematically measure these compo-
nents. Representative data are in Table 2; see 
Tables DR1 and DR2 for complete data set.1

Eolian dust preserved in pothole sediments 
and surface soils of the Canyonlands area con-
tains silt-sized magnetic particles (Reynolds et 
al., 2001). We used a combination of magnetic 
(Thompson and Oldfi eld, 1986; King and Chan-
nel, 1991) and refl ected-light petrographic meth-
ods to determine the types, amounts, and origins 

of magnetic minerals. Magnetic property mea-
surements, performed on dried bulk sediment 
packed into 3.2-cm3 plastic cubes and normal-
ized for sample mass, included: (a) isothermal 
remanent magnetization (IRM) acquired at 0.3 
Tesla (T), a measure primarily of magnetite; and 
(b) frequency-dependent magnetic susceptibility 
(from magnetic susceptibility measurements at 
600 Hz and 6000 Hz), a measure of the amount 
of superparamagnetic (ultrafi ne, <30 nm) mag-
netite that may form in some settings by pedo-
genesis. Contents of Fe and Ti were determined 
by inductively coupled plasma–atomic emission 
mass spectroscopy (ICP-AES and ICP-MS) 
analyses. Table DR3 provides magnetic and Fe-
Ti data (see footnote 1).

TABLE 2. SELECTED SOIL DESCRIPTIONS AND LABORATORY DATA

Horizon‡ Depth
(cm)

Dry color Moist color Structure§ Dry con-
sistence#

Clay fi lms†† Stage CaCO3
‡, 

other cements‡‡

CaCO3

(%)
Silt
(%)

Clay
(%)

VP-1, hand-dug soil pit in dune crest, Virginia Park site

A 0–6 7.5YR7/4 7.5YR5/4 2m sbk, 1fpl so 0 0, no eff. 4.63 23.84 5.36
Bwk 6–19 5YR6/5 5YR4/6 2m-c sbk so 0 0, es 6.21 28.43 9.16
B1tk 19–30 5YR7/5 5YR5/6 2f-m sbk so 1nbr 0, es 6.32 26.09 8.27
Bt2k 30–55 5YR6/6 5YR4/8 2f-m sbk so 2nbr, 1npo, 1npf I, es 7.77 18.60 6.22
B31tkb 55–66 5YR6/5 5YR5/6 2f-m abk sh 1npf I+, ev 7.02 28.36 8.22
B32tkb 66–78 5YR6/4 5YR5/6 2f-m abk h 2npf III, ev 7.02 28.20 7.83
Bkb 78–90 n.d. n.d. n.d. h n.d. III, ev 14.59 15.48 4.39

8U-11, auger hole in dune crest near VP-1, Virginia Park site

A/Bw 0–22 5YR6/5 5YR4/6 2f-m sbk so 0 0, e-es 7.38 23.99 7.38
Bw† 22–50 5YR6/5 5YR5/6 2f-m sbk so-sh 0 0-I, es-ev 1.29 27.13 9.27
Btk1b1† 50–86 5YR6/6 5YR5/6 2f-m sbk sh-h 0 I+, ev 2.27 24.73 7.07
Btk2b1† 86–118 5YR7/4 5YR6/5 3f-m sbk h 0 II+, ev 5.98 20.56 6.48
Bkb1† 118–151 5YR7/4 5YR5/6 2f-m sbk sh-h 0 II, ev 3.95 13.74 3.16
Bkb2† 151–172 5YR7/5 5YR6/6 n.d. sh-so 0 I, es-ev 1.88 17.18 5.60
Ckb2† 172–251 5YR7/5 5YR6/6 Single grain lo-so 0 I, es-ev 3.36 20.93 6.12
Cyb2† 251–278 5YR7/5 5YR6/6 Single grain lo-so 0 0, es; gypsum 

rosettes
3.74 17.84 6.24

VP-2, hand-dug soil pit in dune swale, Virginia Park site

Ak 0–5 5YR6/4 5YR4/4 1f-m sbk so 0 0, e 5.86 29.41 5.79
Bw 5–14 5YR6/5 5YR4/6 1f cr so 0 0, e- 7.19 31.04 8.89
Bwk 14–44 5YR6/5 5YR5/6 2f-m sbk so-sh 0 I, e-es 7.10 26.46 7.65
Btk1b 44–55 5YR7/4 5YR5/6 2f-m sbk sh 1nbr II, ev 7.04 23.71 7.60
Btk2b 55–85 5YR6/5 5YR5/6 2m-c abk sh 1nbr, 1npf I, es 7.67 28.55 10.03
Bkb 98–115 n.d. n.d. n.d. h n.d. n.d. 10.41 23.05 8.43

8U-10, auger hole in dune swale near VP-1, Virginia Park site

A/Bw 0–22 5YR6/5 5YR4/6 2f-m sbk so 0 0, e 1.17 33.17 8.08
Bw† 22–47 5YR6/4 5YR5/6 1f-m sbk lo-so 0 0, es 4.68 31.83 9.18
Btb1 47–58 5YR7/6 5YR6/6 1f-m sbk so-sh 0 I, ev 4.19 35.25 9.12
Btkb1† 58–74 5YR7/4 5YR4/6 2f-m sbk sh-h 0 II, ev 6.42 38.84 9.56
Bk1b1† 74–99 5YR7/3 5YR6/5 3m sbk, 1pl h-vh 0 II+, ev 11.26 37.18 9.53
Bk2b1† 99–154 5YR7/4–7/5 5YR6/5–6/6 2m sbk h-vh 0 II, ev 11.54 28.74 8.47
Btkqb2† 154–220 5YR7/4–7/5 5YR5/7 2m abk h-vh 0 I, e-es; silica 5.95 27.65 8.09
Bkb2† 220–284 5YR7/4–8/4 5YR6/6 n.d. h-so 0 I, e-es; silica 7.72 14.63 5.06

   Note: n.d.—no data.
   †Value represents average or range of properties of two to fi ve samples within given depth range (see Table DR2).
   ‡Horizon nomenclature and carbonate stage follow Birkeland (1999) and references therein.
   §Structure codes: Strength/abundance: 1–3. Size: f—fi ne; m—medium; c—coarse. Shape: sbk—subangular blocky; abk—angular blocky; 
pl—platy.
   #Dry consistence codes: lo—loose; so—soft; sh—slightly hard; h—hard; vh—very hard.
   ††Clay fi lm codes: Abundance: 1–3. Thickness: n—thin. Location: br—grain bridge; po—pore fi lling; pf—ped face.
   ‡‡Carbonate codes: e—effervesces weakly; es—effervesces strongly; ev—effervesces violently.

1GSA Data Repository item 2005106, Tables DR1 
and DR2 contain particle size and carbonate contents 
of soils and sediments; Table DR3 contains magnetic 
and Fe-Ti data; Table DR4 contains pollen data for 
site VP-2; Fig. DR1 contains probability density 
plots for OSL data; is available on the Web at http://
www.geosociety.org/pubs/ft2005.htm. Requests may 
also be sent to editing@geosociety.org.



REHEIS et al.

1056 Geological Society of America Bulletin, July/August 2005

Sediment Dating

To determine ages of eolian sands and allu-
vial deposits, we used optically stimulated 
luminescence (OSL) dating and 14C analysis of 
charcoal. For OSL dating, samples were taken 
from outcrops and pits with PVC pipe ham-
mered horizontally into freshly cleaned faces. 
Charcoal within the alluvial deposits at the 
Virginia Park and Salt Creek sites was sampled 
into plastic bags with metal trowels and ana-
lyzed by accelerator mass spectrometry (AMS; 
Table 3). All radiocarbon ages younger than ca. 
20 ka from this and previously published studies 
were converted to calendar years (cal ka) by the 
CALIB program of Stuiver et al. (2003).

OSL dating examines the time-dependent 
signal from the exposure of naturally occur-
ring minerals, typically quartz and feldspar, to 
ionizing radiation. The technique relies upon 
the principle that any preexisting luminescence 
signal contained in the sediment grains is lost on 
exposure to sunlight during transport. Once the 
sediment is deposited and shielded from light 
exposure by the deposition of further sediment, 
the luminescence signal reaccumulates over 
time with exposure to radiation from the decay 
of naturally occurring radioisotopes of uranium, 
thorium, and potassium and to cosmic radiation. 
The OSL signal observed in the laboratory is 
proportional to the time elapsed since the min-
eral grains were last exposed to sunlight. The 
OSL age is determined by calibrating the inten-
sity of the OSL signal to a laboratory-admin-
istered radiation dose (termed the equivalent 
dose, D

e
) and dividing this value by the annual 

radiation dose to which the sample was exposed 
(termed the dose rate). Aitken (1998) provides 
further details on OSL methods.

For the paleosols formed on dune sand, which 
typically contain a large component of fi ne to 
medium sand from the parent material as well 
as a lesser component of fi nes hypothesized to 
represent dust infi ltrated during pedogenesis, 
we applied OSL techniques to both the medium 
sand fraction and the fi ne silt fraction. From the 

sand fraction, coarse-grained quartz of 90–125-
µm diameter was separated with sodium poly-
tungstate, then etched in 40% hydrofl uoric 
acid (HF) for 45 min. From the silt fraction, 
fi ne-grained quartz of 4–11-µm diameter was 
isolated by Stoke’s Law settling in sodium oxa-
late, followed by etching with fl uorosilicic acid 
(H

2
SiF

6
) for 7 days. For samples 02U-1A-E, 

02U-3A, and 02U-3C (Table 4), OSL measure-
ments were conducted solely on the coarse-
grained quartz fraction.

Laboratory OSL measurements were per-
formed by an automated Risø2 TL/OSL reader, 
equipped with blue LEDs (470 nm) providing 
~17 mW cm–2 power density and a beta source 
for irradiations. Three 3-mm Hoya U-340 fi lters 
were used to detect the OSL signal. To determine 
the equivalent dose (D

e
) of each sample, a mini-

mum of 24 aliquots was examined for a range of 
preheat temperatures between 160 and 300 °C 
by the single-aliquot regenerative-dose measure-
ment procedure of Murray and Wintle (2000), 
which corrects for changes in the luminescence 
sensitivity. All OSL measurements were made 
at 125 ºC. Each aliquot yields an independent 
estimate of D

e
; the mean D

e
 of between 13 and 23 

aliquots was used to determine each 90–125-µm 
coarse-grained OSL age, and the 4–11 µm fi ne-
grained OSL ages were calculated by using the 
mean D

e
 of between 19 and 22 aliquots (Table 4). 

The uncertainty on D
e
 was calculated as the stan-

dard error of the mean for all samples. Probability 
density plots for all sample analyses are given in 
Figure DR1 (see footnote 1).

Pollen Analysis

Pollen analyses were conducted on samples 
from soil pits in Virginia Park and sediment 
from trenches at Hamburger Rock. Six samples 
from sandy, inorganic soil horizons in soil 
pit VP-2, from a dune swale in Virginia Park 

(Fig. 2), contained abundant pollen and required 
no special extraction techniques. Samples were 
treated with HCl to remove calcium carbonate, 
screened through a 150-µm sieve, and treated 
with HF to remove silicates and with HNO

3
 and 

KOH to remove extraneous organic material. 
Samples were then mounted in glycerin.

Samples collected from Hamburger Rock 
trenches had low pollen concentrations and 
required special processing (Cummings, 1999). 
After treatment with HCl and screening, disper-
sant was added, and after settling for two hours, 
clay was removed by pouring off the liquid and 
suspended clay particles. Organic material was 
separated from the inorganic fraction in sodium 
polytungstate, after which HF was used to 
remove any remaining silicates.

A minimum of 200 pollen grains from each 
sample was identifi ed at 400×–600× magnifi -
cation; a few were examined in more detail at 
1000×. Grains that were distorted or degraded 
beyond recognition were noted and included in 
total pollen counts. Grain aggregates, indicat-
ing proximity of a plant to the study site, were 
counted as single grains. Complete data are in 
Table DR4 for VP-2 and in Cummings (1999) 
for Hamburger Rock (see footnote 1).

STRATIGRAPHY, PEDOLOGY, AND 
AGES OF DEPOSITS

In this section, we discuss the character of the 
stratigraphic units and paleosols exposed at each 
of the fi ve study sites, ages of the deposits, and 
correlations among multiple exposures, pits, and 
auger holes at individual study sites. We also use 
magnetic and chemical data for paleosols formed 
on eolian sand in Virginia Park to infer the dura-
tion and nature of pedogenesis, including addi-
tions of far-traveled eolian dust to the soils.

Eolian Deposits and Soils, Virginia Park

Auger holes, pits, and outcrops in the Virginia 
Park area (Table 1; Fig. 2) exposed sequences of 
eolian sand separated by poorly to moderately 

TABLE 3. 14C AGES FROM VIRGINIA PARK AND SALT CREEK

Field sample 
no.

Lab sample 
no.*

Material dated Stratigraphic unit Depth below surface
(m)

14C age† Calibrated 
age‡

8U-14 (75 cm) WW3004 Charcoal in pebbly lens Base of alluvial fi ll inset into 
older dune sand

0.75 4580 ± 50 5250 ± 200

SC-15A WW3565 Charcoal in burn layer 55 cm below top of alluvial fi ll; 
buried by eolian sand

1.55 1900 ± 40 1820 ± 100

SC-15B WW3566 Charcoal 75 cm below top of alluvial fi ll; 
buried by eolian sand

1.75 1840 ± 40 1780 ± 90

*Samples processed at 14C laboratory of the U.S. Geological Survey in Reston, Virginia; analyses performed at NSF-University of 
Arizona AMS laboratory, Tucson, Arizona.

†Ages expressed as radiocarbon years before A.D. 1950; 1σ error.
‡Calibration performed by the CALIB program (http://radiocarbon.pa.qub.ac.uk/calib/; Stuiver et al., 2003); 2σ error.

2Use of trade names is for descriptive purposes 
only and does not imply endorsement by the U.S. 
Geological Survey.
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developed silt- and CaCO
3
-enriched soils that 

formed in the sand layers (Table 2 and Fig. 5). 
Each soil probably refl ects at least a few thou-
sand years of surface stability, during which 
erosion modifi ed the dune surfaces in a setting 
similar to that of the present day. However, the 
morphology, texture, and composition of the 
surface soils are different from properties of 
many of the buried soils.

Soil pits in a dune crest (VP-1) and a swale 
(VP-2) provide detailed information on the 
near-surface soils and sediments. Data from 
these pits and the auger holes (Table 2; Fig. 5) 
suggest that the upper 40–50 cm represent a 
weakly developed (A/Bw horizon sequence) 
modern soil forming in eolian sand that overlies 
a better-developed soil (silty, sometimes clay 
enriched, Bt or Btk horizon). The boundary 
between these two soils is not obvious visually, 
but it is clearly indicated by a sharp increase 
downward in both silt and clay content and 
magnetite content (Fig. 5). These relations sug-
gest that a former stable land surface on which 
the Bt/Btk horizon developed has been buried 
by a thin sand layer in which the modern soil 
is forming; pedogenic processes have partially 
blended or “welded” the two soils.

At depths of ~1.3–1.8 m, each auger hole 
penetrated the top of a second buried soil 
(Figs. 5 and 6). These paleosols appear less well 
developed than the upper buried soils; the deeper 
paleosols typically are thinner and less enriched 
in silt and carbonate, have lower IRM values, and 
display little or no evidence of translocated clay 
(Fig. 5, Table 2). Their consistent depth in auger 
holes throughout the study site (Fig. 6) suggests 
they represent an older episode of surface stabil-
ity and soil formation that was interrupted by 
deposition of the overlying eolian sand. On the 
basis of paleosol properties, this older episode of 
stability was probably shorter or less conducive 
to weathering and translocation of fi nes than the 
younger episode. At depths of ~2.8–3.0 m, at 
least two of the auger holes penetrated a third 
buried soil (Fig. 6), suggesting a third episode of 
stability and pedogenesis. These paleosols also 
appear to be weakly developed; they show little 
increase in silt, clay, or IRM value (Tables DR2 
and DR3 [see footnote 1]), but they do exhibit an 
increase in pedogenic CaCO

3
.

The soil-paleosol complex at the surface, 
although ubiquitous in the study site, is expressed 
differently at different topographic positions. In 
dune-crest positions, such as auger hole 8U-11 
and pit VP-1 (Figs. 5 and 6, Table 2), the soils 
and sediments contain less silt and CaCO

3
 than 

in dune-swale positions (8U-10 and VP-2). Clay 
is present in similar amounts but is concentrated 
in the upper parts of Bt horizons in crest soils and 
is more uniformly distributed with depth in the 
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swales. These differences may refl ect transport 
and concentration of fi nes from the topographi-
cally higher dune crests into adjacent swales by 
wind eddying and sheetwash, as well as more 
effi cient trapping of fi nes by denser vegetation in 
the swales. In addition, accumulation of CaCO

3
 

is enhanced in swales.
Magnetite content of the soil and sediment 

samples increases at or near the tops of the 
paleosols, and corresponds closely with silt con-
tent (Fig. 5). IRM values of sediment (0.55–5.4 
× 10–3 Am2 kg–1) are much greater than values of 
the local bedrock of the Virginia Park study site, 
the Cedar Mesa Sandstone (typically 0.05–0.1 × 
10–3 Am2 kg–1; Reynolds et al., 2001), the source 
of most of the eolian sand in the dune fi eld. 
Strongly magnetic minerals in the soils consist 
of silt-size (typically 4–20 µm) magnetite and 
titanomagnetite, commonly intergrown with 
minerals such as hematite, ilmenite, and ilmen-
orutile, typical of formation in igneous rocks 
(Haggerty, 1976). These strongly magnetic min-
erals are absent in the local bedrock of the study 
area; thus, residual concentration and subse-
quent eolian erosion of magnetic minerals from 
local rocks cannot account for the magnetic and 
petrographic results.

Complementary magnetic and petrographic 
results indicate that the variations in IRM are pri-
marily related to varying inputs of detrital mag-
netite and not to pedogenic growth of magnetic 
grains or postdepositional destruction of detrital 
magnetite. (1) IRM and magnetic susceptibility 
are strongly correlated (r2 is 0.99 and 0.98 for 
8U-10 and -11, respectively), indicating no mag-
netic enhancement by ultrafi ne-grained pedo-
genic iron oxides that are too small to carry IRM. 
(2) Values of frequency-dependent magnetic 
susceptibility, which measures ultrafi ne, possibly 
pedogenic magnetite, are low, and their minor 
variations do not correspond to the high mag-
netic mineral content associated with the paleo-
sols (Table DR3 [see footnote 1]). (3) Chemical 
data show no indication of postdepositional iron 
mobility: the content of chemically immobile Ti 
generally tracks IRM, and Ti/Fe values vary little 
(Fig. 5). (4) Petrographic observation of magne-
tite particles shows no indication of pedogenic 
alteration of detrital magnetite.

Because silt-sized magnetite and titanomag-
netite are abundant in the surface and buried 
soils but absent in nearby sedimentary rocks, 
their presence is best explained by windborne 
dust. Preliminary comparisons of magnetic 
properties, particle size, and elemental contents 
of soils, modern dust, and local bedrock suggest 
that surfi cial sediment (0–10 cm depth) in the 
study area may contain as much as 20% dust 
derived from source terrains of igneous rocks 
(Reynolds et al., 2001, 2003). Silt and IRM F
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covary even in the deeper paleosols despite 
their generally lower contents compared with 
near-surface soils, indicating that infi ltration of 
magnetic, far-traveled dust also occurred in the 
past but had less importance.

Both the coarse-grained and fi ne-grained 
aliquots of the OSL samples examined gave rise 
to single-population D

e
 (equivalent dose) distri-

butions (e.g., Figs. DR1A, B [see footnote 1]), 
with the exception of one sample (OSL-5), 
which demonstrated scattered D

e
 distributions 

(Figs. DR1I, J [see footnote 1]). Sample OSL-5 
was taken from an alluvial pebbly sand layer and 
is mainly composed of dune sand with an alluvial 
transport distance of <0.5 km, likely reworked 
from eolian deposits of different ages (Fig. 2). 
Thus, the sediment may not have been exposed 
to suffi cient light during transport downstream 
to fully reset, or “bleach,” the preexisting lumi-
nescence signal before deposition. Such “incom-
plete bleaching” makes it diffi cult to identify the 
true depositional age of the sediments. Although 
the approach could be taken that the smallest D

e
 

determinations for sample OSL-5 are likely to 
be the most appropriate, in reality, it is highly 
likely that all of these D

e
 values will yield age 

overestimates (Figs. DR1I, J [see footnote 1]). 
The presence of incompletely bleached grains in 
OSL-5 is supported by the fact that both coarse-
grained and fi ne-grained OSL ages (Table 4) are 
signifi cantly older than a radiocarbon age of 4.58 
± 0.05 ka (5.3 ± 0.2 cal ka) from charcoal at the 
base of the same unit (Table 3). On the basis of 
the smallest D

e
 determinations alone, the OSL 

ages calculated are still older than the radiocar-
bon age, being ca. 8.99 ka and 5.76 ka for coarse 
grains and fi ne grains, respectively. The OSL age 
ranges given for sample OSL-5 in Table 4 should 
therefore be regarded as age overestimates and 
are not discussed further in this paper.

The uncertainties on the OSL age determi-
nations are small, ≤5% for all samples except 
OSL-5 (Table 4). All OSL ages are in strati-
graphic order within 1σ uncertainties (Figs. 3A, 
B, and 6). The coarse-grained and fi ne-grained 
quartz OSL ages (OSL-1, -2, -3, -4, -6) are 
indistinguishable at 1σ error for samples OSL-2 
and 02U-3B, and at 2σ error for samples OSL-1 
and OSL-4; thus, the ages of the two fractions 
are statistically the same. However, except for 
sample 02U-3B, the mean ages determined for 
all fi ne-grained OSL analyses are younger than 
those of respective coarse-grained OSL analy-
ses. The slightly younger fi ne-grained ages may 
result from younger silt infi ltrating the dune 
sands during pedogenesis.

The coarse-grained quartz OSL ages of the 
eolian sand units in the dune-crest and -swale sites 
and the buried sand unit in the arroyo cut indicate 
three or four episodes of eolian activity during the 

late Quaternary (Table 4, Fig. 6). Coarse-grained 
OSL ages of 8.6 ± 0.3 ka and 4.2 ± 0.2 ka were 
determined for the uppermost thin sand (samples 
OSL-1 and -3), and ages of 13.8 ± 0.4 ka and 7.7 
± 0.2 ka for the fi rst buried sand (samples OSL-
2 and -4). The older ages for the two units were 
obtained on samples from the dune-crest pit (site 
VP-1), whereas the younger ages were from the 
dune-swale pit (site VP-2). The differing ages 
have three possible explanations: (1) they rep-
resent long spans of time (4000–5000 yr) when 
the dunes were active; (2) the younger ages in the 
swale site refl ect a reactivation of eolian sedimen-
tation in the late Holocene that was not recorded 
at the crest site; and (3) the younger ages in the 
swale site refl ect sheetwash reworking of sedi-
ment derived from the dune crests. The similarity 
between the younger OSL age on the crest, 8.6 
± 0.3 ka, and the older OSL age in the swale, 7.7 
± 0.2 ka, suggests that these units are correlative 
(the ages overlap at 2σ analytical uncertainty) 
and that 2 above is the likely explanation (pos-
sibly modifi ed by sheetwash redistribution). An 
OSL age of ca. 46 ka (sample OSL-6), obtained 
on a truncated dune sand exposed in an arroyo cut 
(site 8U-14), indicates an earlier period of eolian 
activity. Charcoal at the base of the alluvium 
overlying this old dune sand gave a 14C age of ca. 
5.3 cal ka (Table 3, Fig. 6).

We correlate the sand units and paleosols in 
the Virginia Park site by using pedogenic and 
magnetic properties of the paleosols and the 
OSL ages (Fig. 6). Because of the uncertainty 
in extrapolating between auger holes, the ages 
and correlation of units beneath the surface soil-
paleosol couplet are speculative. The top of the 
arroyo cut that exposes ca. 46 ka eolian sand is 
at least 3 m lower in altitude than the dune crests 
(Fig. 2); thus, this oldest paleosol and sand unit 
probably correlates to one of the two deeper 
paleosols in the auger holes. The concentrations 
of silt and clay in the less truncated paleosol at 
arroyo site 8U-13 are closer to those preserved in 
the paleosols at ~2 m depth in nearby auger holes. 
Paleosols in the swale holes may have been over-
thickened by sheetwash accretion during pedo-
genesis and are commonly welded, adding to the 
diffi culty in correlating to the crest auger holes. 
Assuming that the units represented by samples 
OSL-1 and OSL-4 are in fact the same age, ca. 
7.7–8.6 ka, then the most likely correlations of 
deeper units suggest that the crests and swales are 
relatively long-lived features in which equivalent 
units appear at shallower depths in crest positions 
than in swale positions (Fig. 6).

Stratigraphy and Ages at ISKY Dune

Four eolian sand units are exposed in the 
sand pit at the ISKY dune (Figs. 3A and 6), 

each capped by a soil. The youngest unit is only 
~0.7 m thick, and the OSL age is 1.0 ± 0.04 ka 
(Table 4, sample 02U-1E), consistent with the 
morphology of the surface soil, which is char-
acterized by a slightly darkened A horizon and 
traces of secondary CaCO

3
. Unit 2 is ~4.2 m 

thick, much thicker than the other units here and 
at Virginia Park; a sample from 1.6 m below the 
base of unit 1 gave an OSL age of 1.8 ± 0.1 ka 
(sample 02U-1D). The paleosol capping unit 2 
is characterized by a weak Bw horizon, with 
only slight reddening and traces of secondary 
CaCO

3
, consistent with a surface exposure of 

several hundred years.
The outcrop is divided vertically by a promi-

nent bench developed on the relatively resistant 
paleosol formed in unit 3, which has an OSL age 
of 12.2 ± 0.5 ka (sample 02U-1C; Fig. 3A and 
Table 4). This paleosol is characterized by an 
A-Bt-Bk horizon sequence with stage 2 CaCO

3
 

near the base, where the Bk is partly superim-
posed on a paleosol formed on unit 4. The mod-
erate development of this paleosol is consistent 
with a longer exposure time than those formed 
on the younger units and is similar in character to 
the paleosol formed in the eolian sand of similar 
age (13.8 ka) at Virginia Park (sample OSL-2). 
However, the paleosol in Virginia Park appar-
ently formed in only ~5000 yr, rather than the 
~10,000 yr suggested by the difference in the 
ages of units 2 and 3 at the ISKY site. We do not 
know whether this apparently lengthy hiatus is 
real, or whether an intervening early to middle 
Holocene eolian unit was deposited and later 
eroded or was not recognized during sampling.

Unit 4, which is 2.8 m thick, is characterized 
by a weaker soil than unit 3, including a possible 
Bw or Bt horizon welded to the overlying Bk of 
unit 3. Unit 4 aggraded relatively quickly at ca. 
17–16 ka; the two OSL ages, although in correct 
stratigraphic order, overlap within 1σ analytical 
error (samples 02U-1B and -1C, Table 4 and 
Fig. 3A). The soil formed in unit 4 is consistent 
with an exposure age of a few thousand years.

Stratigraphy and Soils at Hamburger Rock

Several trenches excavated northwest of Ham-
burger Rock exposed soils formed in thin eolian 
sands overlying weathered red siltstone and shale; 
one, trench 7, exposed a thick deposit of sheet-
wash alluvium on the south side of the hill (Figs. 1 
and 7). No radiometric ages were obtained, but 
soil properties and pollen data (discussed below) 
allow relative age assessment. The following dis-
cussion is modifi ed from the Shearin et al. (2000) 
report on the site excavation and analyses.

Unit 1 represents very recent deposition of 
eolian sand in the area around Hamburger Rock. 
This sand blankets much of the area,  including 
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the upper part of the sheetwash deposits 
exposed in trench 7. Two episodes of sand 
deposition are indicated by the weak buried soil 
(Bkb1) overlain by fresh sand (C) in the upper 
20 cm of trench 2 (Fig. 7). Unit 1 has little pedo-
genic imprint, only a very slight increase in silt 
and clay, and small fl ecks of secondary CaCO

3
. 

Such characteristics indicate an age of probably 
less than 500 yr. A piece of glass at the contact 
between units 1 and 2 in trench 2 supports an 
age of less than 150 yr for some of this unit.

Unit 2 in trenches 2, 3 (Fig. 7), and 5 (Shearin 
et al., 2000) represents an older period of eolian 
sand transport and deposition followed by pedo-
genesis before burial by unit 1. This deposit 
bears a soil with fairly consistent properties, 
including a brownish (2.5YR 4/6) A horizon and 
a Bwk horizon with stage 1 CaCO

3
. The upper 

contact of this soil is quite irregular where buried 
by unit 1. In places, this irregularity is imparted 
by burrows, but in other places, the A and Bwk 

horizons seem compacted and indented, perhaps 
by hoofs. The properties of the soil formed on 
eolian unit 2 are similar to dated soils elsewhere 
that are middle to late Holocene in age (e.g., unit 
1 at Virginia Park and unit 2 at the ISKY site), 
suggesting that soil formation and surface stabil-
ity may have lasted one to a few thousand years 
after deposition of unit 2.

In trench 3, an older paleosol formed on 
eolian sand mixed with weathered bedrock 
suggests a yet older episode of sand deposition 
and soil formation (unit 3, Fig. 7). In trenches 2 
and 5, a truncated paleosol formed on bedrock. 
The older paleosol has much stronger develop-
ment of pedogenic CaCO

3
 than do the younger 

soils and locally has a Bt horizon. However, 
the abundant silt contained by this paleosol is 
largely derived from the silty shale. The mod-
erately developed Bk and Bt horizons indicate 
a signifi cantly longer duration of soil formation 
than indicated for the overlying younger soils, 

and may also imply higher effective moisture 
suffi cient to translocate clay particles.

In trench 7, unit 2 represents accumulation of 
sheetwash in a gently sloping drainageway. The 
overthickened weak Bw and Bk horizons that 
compose most of the deposit and the apparent 
absence of unconformities (Fig. 7) indicate that 
this sheetwash accumulated gradually over a 
long period of time, uninterrupted by signifi cant 
erosion. Unit 2 overlies a paleosol that appar-
ently formed on somewhat coarser alluvium 
(unit 3, poorly exposed at the pit bottom). This 
paleosol has a Bt horizon and quantity of pedo-
genic CaCO

3
 similar to those of the paleosols 

formed on unit 3 in trenches 2 and 3.

Stratigraphy and Ages of Graben-Fill Deposits

A deep cut in Chesler Canyon exposes 
more than 6 m (Figs. 3B and 6; basal ~2 m of 
the outcrop too deeply buried by colluvium 
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to examine) of sediment and paleosols that 
accumulated within a southern extension of the 
Devils Pocket, the easternmost graben of The 
Grabens area of Canyonlands National Park. 
Unit 1 thickens upslope toward the adjacent 
bedrock; where sampled, it appears to be eolian 
sand. Units 2, 3, and 4 consist of silt and sand 
with minor amounts of granule-to-pebble clasts 
fl oating in the fi ner matrix. Unit 2, the thickest, 
is roughly stratifi ed with local concentrations 
and lenses of fi ne pebbles, especially in the 
basal 1 m, where unit 2 fi lls a subdued channel 
cut into unit 3. Units 3 and 4 are slightly more 
coarsely grained than unit 2 and are more poorly 
stratifi ed, with fewer pebble lenses. We interpret 
these three units to consist mainly of colluvium 
with minor alluvial reworking.

OSL dating provides ages of the deposits 
in the graben fi ll. The surface soil formed on 
undated eolian sand has an A-Bwk horizon 
sequence with abundant silt (>30%), suggest-
ing a correlation to surface soils in the Virginia 
Park site (Figs. 5 and 6). A thick, moderately 
developed paleosol with signifi cant amounts 
of infi ltrated silt and secondary CaCO

3
 is pre-

served in the upper 1.5 m of unit 2. This soil 
is similar to, but thicker than, those formed 
on 12–13 ka dune sands at the Virginia Park 
and ISKY sites. OSL sample 02U-3C near the 
base of unit 2 yielded an age of 15.8 ± 0.6 ka 
(Table 4), consistent with the degree of paleo-
sol development. Units 3 and 4 both have 
paleosols with weaker horizonation, primarily 
Bwk-Bk sequences with stage 1 secondary 
CaCO

3
. The coarse-grained OSL age from 

unit 3 is 27.4 ± 0.9 ka (sample 02U-3B), and 
the age from unit 4 is 38.8 ± 1.4 ka (sample 
02U-3A). Thus, the graben fi ll deposits repre-
sent three separate late Pleistocene episodes of 
aggradation by colluvial transport and alluvial 
reworking, each episode followed by several 
thousand years of pedogenesis, then by minor 
erosion and more aggradation. Incision of this 
thick fi ll by Chesler Wash must have begun 
after 16 ka and perhaps much later, because 
more than 1.5 m of sediment with cumulic 
soil properties (unit 1) accumulated atop the 
youngest dated layer.

Stratigraphy and Ages of Salt Creek Terraces

Salt Creek, a tributary of the Colorado River 
(Fig. 1), is bordered by a prominent fl ight of fi ve 
terraces (Fig. 4). The upper terrace surface (T5) 
lies 8.5–10 m above the modern channel and 
is partly covered by alluvial sediment derived 
from small tributary drainages. T5 is the oldest 
major fi ll terrace observed in the study area and 
is well preserved in many locations. Texturally, 
this terrace fi ll is dominantly sand and interbed-

ded silt and clay, but contains a gravel layer near 
the base. Radiocarbon analyses on both charcoal 
and burn layers within the upper one meter of 
the terrace gave calibrated ages (2σ) of 1815 
± 90 and 1780 ± 90 yr B.P. (Table 3). These 
ages suggest that aggradation culminated at 
~1800 yr B.P., probably just before incision.

Younger terrace surfaces in the study area 
(T4 through T2) except for the most recent 
fl oodplain terrace (T1) are cut terraces formed 
in T5 fi ll (Fig. 4). T1 is the modern fl oodplain 
and consists of sand and gravel like that in the 
modern stream channel. We found no dateable 
material in the younger terraces. Lag gravels 
capping bedrock represent older Holocene and 
probably Pleistocene episodes of alluviation, 
but are poorly preserved and have not been 
dated (V.S. Williams, U.S. Geological Survey, 
2004, personal commun.).

POLLEN DATA, INTERPRETATION, 
AND SITE CORRELATIONS

The following section presents and interprets 
pollen data from Virginia Park and Hamburger 
Rock, and discusses correlation between them. 
Our interpretation of paleoclimate from the pol-
len data is founded on correlation of sequences 
that are based on stratigraphy and paleosol 
properties. We recognize that these deposits 
and soils represent records with signifi cant 
hiatuses, especially the thin eolian deposits and 
truncated paleosols from trenches 2, 3, and 5 at 
Hamburger Rock.

Pollen analyses from the Hamburger Rock 
trenches (Cummings, 1999), coupled with corre-
lations among eolian deposits and paleosols, indi-
cate signifi cant changes in vegetation communi-
ties during the Holocene, which in turn imply 
substantial climate changes. Twelve pollen sam-
ples from trench 7 provide a continuous sequence 
of analyses showing systematic changes in local 
plant species (Fig. 8). Samples FS15, -17, and 
-18 from alluvial unit 3 contain relatively abun-
dant grass and arboreal pollen (mainly Pinus and 
Juniperus but also some Picea, probably from 
long-distance transport), as well as pollen from 
grapes (Vitis). Cheno-Am-type pollen (Chenopo-
diaceae-Amaranthus), common to abundant in all 
samples, is a smaller percentage of total pollen 
in unit 3; small amounts of Ephedra nevadensis 
type (Mormon tea) pollen are also present. Pol-
len from Abronia, low-spine Asteraceae, and 
Sphaeralcea indicates plants adapted to disturbed 
habitats, such as an active fl oodplain.

Above the paleosol capping unit 3, from 
~110 cm upward to 40 cm depth in sheetwash 
unit 2, arboreal pollen decreases by half and 
Cheno-Am pollen doubles (Fig. 8), suggesting 
an increase in aridity. Picea pollen is absent. 

Pollen indicators of disturbed habitat persist, 
as might be expected in this drainageway. Arte-
misia, which was found throughout the section, 
spikes in sample FS13 at ~105 cm. Ephedra 
torreyana appears at the base of unit 2 and 
maintains a fairly constant presence upsection, 
whereas E. nevadensis increases upward. Mar-
tin (1963) has interpreted the relative amounts 
of these two pollen types as an indicator of 
seasonality of precipitation: E. torreyana–type 
species prefer areas of summer-dominant pre-
cipitation, whereas E. nevadensis–type species 
prefer winter-dominant precipitation. Thus, the 
appearance of E. torreyana may signal some-
what increased summer precipitation during 
deposition of unit 2.

In the upper 40 cm of trench 7, these pol-
len trends reverse. Arboreal pollen increases 
substantially, with Juniperus as abundant as 
Pinus for the fi rst time and Picea reappearing, 
whereas Cheno-Am pollen decreases. In the two 
samples from the top 10 cm, pollen indicators of 
disturbed habitat such as low-spine Asteraceae 
increase dramatically, possibly as a response to 
historic surface disturbance. Artemisia pollen 
decreases sharply. The presence of pollen from 
tamarix (tamarisk, a nonnative species intro-
duced in the 20th century) in unit 1 indicates 
that these sediments are less than 100 yr old.

The truncated paleosols formed on sand and 
weathered bedrock in trenches 2, 3, and 5 are 
provisionally correlated, on the basis of stra-
tigraphy and soil properties, with unit 3 at the 
base of trench 7 (Fig. 7). Pollen distributions 
of samples FS5 and FS16-2 and -3 from these 
paleosols are broadly consistent with this corre-
lation (Fig. 9). Each sample has relatively large 
amounts of arboreal pollen, small amounts of 
Cheno-Am pollen, and more Artemisia pollen 
than the younger samples from these features. 
FS16 samples have grass pollen in concentra-
tions similar to unit 3 at the base of trench 7 
(Cummings, 1999). However, unit 3 has greater 
concentrations of E. torreyana–type pollen than 
E. nevadensis–type pollen, as do samples from 
unit 2 in trenches 2 and 3 (Cummings, 1999), in 
contrast to all samples from trench 7 (Fig. 8).

The differences between these Ephedra pol-
len occurrences at Hamburger Rock could be 
related to microclimate and depositional setting 
in an area near the limit of penetration of the 
summer monsoon (Shafer, 1989) and transi-
tional between areas dominated by E. nevaden-
sis and by E. torreyana. Trench 7 is located in 
the drainageway, which should retain moisture 
longer than the adjacent uplands with thin eolian 
sand mantling bedrock where the other trenches 
were dug. Alternatively, differences in wind 
direction and pollen transport may infl uence the 
relative proportions of Ephedra species.
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Sediment samples FS1, FS3, and FS4 are from 
the surface and buried soils formed on eolian unit 
2 in trenches 2 and 3 (Fig. 9). They are similar to 
each other and to samples from 40 to 20 cm in 
trench 7 (except the difference in Ephedra types 
discussed above) containing abundant arboreal 
pollen with equal amounts of pollen from juni-
per and pine and less sagebrush pollen than older 
samples from trenches 2 and 3.

Pollen frequencies in samples from the dune-
swale pit VP-2 (Fig. 9; see Table DR4 for species 
data [see footnote 1]) at Virginia Park reveal a 
similar record of climate and vegetation change. 
The lowermost sample (110–115 cm depth, or 
20–25 cm below the coarse-grained OSL age 
of 7.7 ka) contains abundant grass and common 
arboreal pollen (13% Pinus and Juniperus) and 
Artemisia (11%). The middle part of the record, 
from 45 to 95 cm depth, is characterized by very 
high Cheno-Am percentages (~80%) and little or 
no arboreal pollen. The lowest arboreal pollen 
percentages and lowest Artemisia:Cheno-Am 
ratio are at the base of the surface soil, just below 
the coarse-grained OSL age of 4.2 ± 0.2 ka. 
Pinus and Juniperus increase greatly from below 
14 cm depth to the surface, accompanied by a 
doubling of the Artemisia:Cheno-Am ratio. As 
noted above, the presence of pollen from the 

nonnative Tamarix in the Bw horizon (5–14 cm; 
Table DR4 [see footnote 1]) suggests that the 
uppermost sediments in the dune swale are less 
than 100 yr old, although burrowing may have 
mixed these surface sediments.

We correlate units between the two study sites 
as follows. The oldest eolian and fl uvial sediment 
(unit 3) at Hamburger Rock has more arboreal and 
grass pollen and likely refl ects wetter conditions 
than present. The paleosol properties suggest a 
correlation to eolian sand at the base of profi le VP-
2 (below the OSL age of 7.7 ± 0.3 ka), which also 
has more grass and arboreal pollen than younger 
samples, and to ca. 12–14 ka sand in dune-crest 
sites; thus, the oldest sediments at Hamburger 
Rock may be no younger than ca. 8 ka and as old 
as 12 ka. In addition, comparison of soil proper-
ties by profi le development index values (Harden 
and Taylor, 1983) support correlations among the 
surface soils at VP-1, VP-2, and the accreting 
sheetwash soil in trench 7, and between soils on 
eolian unit 2 in trenches 2 and 3.

DISCUSSION AND REGIONAL 
SIGNIFICANCE

The relations between eolian and alluvial 
deposits and paleosols in Canyonlands and the 

paleoclimatic conditions during their formation 
can be compared with existing late Quaternary 
records from the Colorado Plateau (Fig. 1). 
We fi rst discuss and compare the results of 
published studies of eolian deposits with those 
of the present study, followed by a brief com-
parison of alluvial records. We then discuss the 
broader implications of the timing of deposition 
of eolian and alluvial sediment to models of 
geomorphic response to climate change, and 
the nature and importance of rapid infi ltration of 
dust to soils and vegetation communities.

Ages of Eolian Sand Deposits on the 
Colorado Plateau

The largest area of eolian sand in the south-
western United States is in the Four Corners 
region of the Colorado Plateau (Hack, 1941), 
which includes the Canyonlands area (Fig. 1). 
Despite the geographic extent of eolian depos-
its, published studies of their stratigraphy and 
soils are limited to the southern part of the 
region where dunes are less vegetated. Wells et 
al. (1990) found that dunes in the Chaco dune 
fi eld of northwestern New Mexico (Fig. 1) 
were initially formed during the latest Pleis-
tocene (ca. 16–12 ka) and were periodically 
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reactivated between ca. 6.5 and 2.8 cal ka and 
after 1.9 cal ka (Fig. 10). They interpreted the 
distribution and properties of surface and bur-
ied soils in the dune fi eld to indicate relatively 
rapid pedogenesis by infi ltration of eolian dust 
during periods of regional climate conditions 
that stabilized the dunes. The Tusayan dune 
fi eld in northeastern Arizona (Fig. 1) has been 
repeatedly active during the Holocene (Fig. 10). 
Stokes and Breed (1993) suggested at least three 
phases of reactivation of Pleistocene linear dunes 
at ca. 4.7, 3–2, and 0.4 ka. Preliminary work by 
Anderson et al. (2001) indicated periods of 
eolian activity >10.4 to <9.2, <8.5 to >4.8, and 
ca. 4.0–2.8 cal ka. They suggested that Holocene 
periods of eolian activity alternating with shorter 
intervals of stability and pedogenesis varied with 
location rather than being of regional extent. 
Ellwein (1997) inferred periods of eolian activ-
ity before 100 ka, in latest Pleistocene to early 
Holocene time, and during the late Holocene on 
the southeastern edge of the Tusayan dune fi eld.

The dune sands of the Four Corners region 
are presently mostly stable or partially active 
under grasses and shrubs, although the drought 
that began in 2001 may destabilize larger areas 
(Hiza, 2002). A dune mobility index (Lancaster, 
1988) indicates that the dunes would be mostly 
active under meteorological conditions like 
those during the 1899–1904 drought (Muhs 
and Been, 1999). Since 1980, sand transport 
is regularly observed during most seasons at a 
monitoring station on the southwest margin of 
the Colorado Plateau (Helm and Breed, 1999).

In the present study, periods of eolian activity 
in the Canyonlands area correspond in a general 
way with those reported from other areas in the 
Colorado Plateau, but there are differences in 
details where age controls are more precise. The 
46 ka eolian sand unit at Virginia Park is the old-
est well-dated dune sand on the Plateau.

Eolian sand of late Pleistocene age (18–
12 ka) in the Canyonlands area overlaps with a 
single radiocarbon age of ca. 15 cal ka from the 
Chaco dune fi eld (Fig. 10). Wells et al. (1990) 
suggested that this period of dune formation 
extended from before this date to some time 
after, noting a reported age of ca. 19 cal ka on 
bone at the base of a loess unit near Monticello 
(Price et al., 1988). However, loess deposition 
need not coincide with sand deposition, espe-
cially where the loess appears to be derived from 
fl uvial sediment of the San Juan River (Price et 
al., 1988), whereas the sand is locally derived. 
In the ISKY dune, two periods of sand transport 
separated by as much as 4000 yr of stability and 
pedogenesis occurred during 18–12 ka.

The timing of eolian deposition during the 
Holocene varies among Colorado Plateau sites. 
Eolian deposition at Virginia Park between ca. 9 

and 7.5 ka coincides with a well-dated period of 
sand deposition at Cowboy Cave (Fig. 10; Lind-
say, 1980; Spaulding and Petersen, 1980), and 
overlaps with sand deposition in the Tusayan 
dunes (Anderson et al., 2001). However, no 
early Holocene ages have been obtained in the 
Chaco dune fi eld. The Chaco (Wells et al., 1990) 
and Tusayan dunes were locally active through-
out the middle to late Holocene and Cowboy 
Cave experienced episodic sand deposition 
(Lindsay, 1980). In contrast, our results indi-
cate only minor eolian deposition in the middle 
Holocene, including sheet sand at Hamburger 
Rock and in a swale at Virginia Park. Dunes 
were locally active in the Canyonlands area dur-
ing the late Holocene up to the present day, as is 
the case elsewhere on the Colorado Plateau.

Alluvial Records

Many studies have addressed Quaternary fl u-
vial history on the Colorado Plateau (e.g., Rich-
mond, 1962; Harden and Colman, 1988; Love 
and Gillam, 1991; Hereford, 2002). Prominent 
gravel terrace remnants (Beaver Basin Forma-
tion) in Indian Creek and in Spanish Valley, 
near Moab (Fig. 1), are assigned to the 25–15 ka 
Pinedale glacial period of the Rocky Mountain 
region on the basis of degree of soil development 
and height above present stream level (Harden 
and Colman, 1988). Longpre (2001) reported 
deposition of a fl uvial terrace in southeastern 
Utah between >13 ka to ca. 11 ka. Holocene 
deposits of sand and silt with local lenses of peb-
bles and gravels underlie major fi ll terraces and 
associated inset cut terraces along many modern 
stream channels. Episodes of fl uvial aggradation 
and arroyo incision during the Holocene are well 
documented elsewhere on the Colorado Plateau 
(e.g., Hall, 1977; Karlstrom, 1988). Hereford 
(2002) interpreted fl uvial deposits on the south-
ern Colorado Plateau to indicate three major 
periods of valley alluviation separated by periods 
of arroyo cutting or channel adjustments during 
the past 2000 yr; he attributed these fl uctuations 
to changes in fl ood frequency caused by climatic 
variations possibly related to El Nino-Southern 
Oscillation fl uctuations.

Biggar and Adams (1987) reported ages 
of alluvial deposits in the Canyonlands area, 
including diffi cult-to-interpret radiocarbon and 
thermoluminescence ages on sediment in The 
Grabens area of Canyonlands National Park 
and in the Salt Creek drainage. Our OSL ages 
from site 9U-21 indicate deposition of mainly 
colluvial deposits, with minor fl uvial reworking, 
at around 39 ka, 28 ka, and 16 ka (Table 4 and 
Fig. 10). Biggar and Adams (1987) report three 
14C ages between 4.2 and 2.8 cal ka on young 
graben-fi ll deposits at other sites. However, the 

ages of graben-fi ll deposits could refl ect local 
events in the periodic fi lling of closed depres-
sions that are not closely linked to paleoclimate.

Biggar and Adams (1987) interpreted the 
lower sediments in an 8-m-thick section along 
Salt Creek (Fig. 1) to represent sustained stream 
fl ow and the upper sediments, above a slight 
unconformity, to represent channeling and 
episodic high-discharge fl ows and occasional 
debris fl ows. Numerous radiocarbon ages on 
charcoal did not separate these phases chrono-
logically, possibly as a result of old charcoal 
being reworked into young sediments (Biggar 
and Adams, 1987). They inferred that the allu-
vial sediments along Salt Creek were deposited 
between 2.5 and 2.0 cal ka and possibly as late 
as 0.5 cal ka. These conventional ages are con-
sistent with our two AMS ages of ca. 1.8 cal ka 
on charcoal near the top of the same sequence 
(Fig. 4, Table 3).

In summary, the OSL ages from the present 
study suggest at least two alluvial sedimentation 
events before the last full-glacial period, but 
none during the full-glacial period of 28–20 ka 
(Figs. 3B and 10). Alluvial deposition in The 
Grabens resumed at ca. 16 ka and may have con-
tinued to as late as ca. 9 ka (Biggar and Adams, 
1987); this episode may overlap with deposition 
of the Beaver Basin Formation along glaciated 
drainages (Harden and Colman, 1988). Middle 
Holocene sedimentation is recorded both in The 
Grabens (Biggar and Adams, 1987) and by the 
5.3–cal ka alluvial deposit channeled into eolian 
sand at section 8U-13 at Virginia Park (Fig. 6). 
Rapid sedimentation at Salt Creek from ca. 
2.5 cal ka to 1.9 cal ka culminated before the 
end of alluviation in the southern Colorado Pla-
teau as reported by Hereford (2002).

Paleoclimate Records and Interpretations

Pollen data, stratigraphy, and soils at the Vir-
ginia Park and Hamburger Rock sites indicate 
signifi cant changes in paleoclimate in the late 
Pleistocene and Holocene. These results can 
be compared with previous reconstructions 
of past climate in the Colorado Plateau that 
used pollen and plant macrofossils (Fig. 10). 
However, the wide range in local relief and 
seasonality of climate, the near absence of 
continuous records such as pollen from lake 
cores, and the highly localized nature of pack-
rat middens (shady, frequently relatively moist 
alcoves) complicate correlations to other areas 
and to geomorphic records.

Few paleoclimate records exist for periods 
before 15 ka on the Colorado Plateau. Evidence 
from sparse lake cores and packrat middens 
(summarized by Wigand and Rhode, 2002) sug-
gests that northern and central Utah was cold 
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and dry from ca. 45 ka to 28 ka, coincident with 
low levels of Lake Bonneville (Fig. 10; Oviatt 
and Miller, 1997). During the transition to full-
glacial conditions at ca. 25 ka, increased effec-
tive moisture (the balance between precipitation 
and evaporation) is indicated by shifts from 
sagebrush steppe to woodland (Wigand and 
Rhode, 2002) and rising levels of pluvial lakes 
(Oviatt and Miller, 1997; Allen and Anderson, 
2000). However, midden data suggest this 
period remained relatively dry in southeast 
Utah (Betancourt, 1990; Sharpe, 1991). From 
ca. 20 ka to 15 ka, plant macrofossils sug-
gest cooler and wetter conditions than present 
(Betancourt, 1990; Sharpe, 1991).

During the latest Pleistocene and early Holo-
cene, precipitation increased (Fig. 10) because 
of the strengthening of the southwesterly sum-
mer monsoon (e.g., Shafer, 1989; Betancourt, 
1990; Sharpe, 1991; Weng and Jackson, 1999). 
In a regional comparison of pollen records, 
Shafer (1989) showed that the ratio of Arte-
misia to Cheno-Am pollen increased sharply 
during this period, refl ecting increased sum-
mer moisture. Effective moisture may have 
remained relatively stable during this period 
despite increasing temperatures, but runoff and 
sediment transport should have increased as a 
result of increased rainfall intensities associated 
with monsoon thunderstorms (Bull, 1991, p. 
112–114). Destabilized surfaces accompanying 
changes in vegetation communities may also 
have increased sediment availability. Eolian 
deposits in our study area (14–8 ka) contain 
abundances of grass and arboreal pollen that are 
consistent with these regional records of wetter 
conditions than present.

Interpretations of paleoclimate and especially 
the relative strength of the summer monsoon 
suggest geographic and altitudinal variation 
across the Colorado Plateau during the early 
to middle Holocene (Fig. 10). Data from pollen 
and packrat middens indicate that the monsoon 
infl uence at altitudes similar to those of the pres-
ent study began to wane by around 9 cal ka and 
reached a minimum at around 6.8 cal ka, fol-
lowed by a period of maximum aridity (Shafer, 
1989; Betancourt, 1990). At higher altitudes in 
southwestern Colorado, pollen and plant macro-
fossil records suggest that monsoonal infl uence 
continued into the late Holocene (Friedman et 
al., 1988; Petersen, 1988; Betancourt, 1990; 
Carrara et al., 1991; Sharpe, 1991).

From 8 ka to <4 ka, overlapping the pro-
posed period of maximum aridity, we interpret 
relatively dry conditions dominated by summer 
rainfall in the Canyonlands area. In soil pit 
VP-2, the lowest arboreal pollen percentages 
and lowest Artemisia:Cheno-Am ratio are 
coincident with the transition from accretion-

ary paleosol to overlying younger deposit, the 
base of which has an OSL age of 4.2 ± 0.2 ka 
(Fig. 9). Similar pollen trends appear in the 
thick sheetwash deposit (145–37 cm depth in 
trench 7) at Hamburger Rock.

The youngest sediment at Hamburger Rock 
and Virginia Park, including the uppermost 
10 cm of trench 7, unit 1 in trench 2, and the 
uppermost 10 cm of VP-2, show an increase in 
arboreal pollen and a decrease in Cheno-Am 
pollen, recording increased effective moisture 
and, at Hamburger Rock, renewed eolian activ-
ity. These deposits represent the last several 
hundred to a thousand years and in part are of 
historic age, as indicated by the presence of 
tamarisk pollen. Part of the increase in arboreal 
pollen may refl ect relatively recent invasion 
of Juniperus due to changes in land use, but 
climate change is supported by the concurrent 
increases in Pinus and Picea at both sites (Fig. 8 
and Table DR4 [see footnote 1]).

Cowboy Cave, west of the Green River–Col-
orado River confl uence, is the closest locality to 
the Canyonlands study sites that lie at a similar 
altitude. The stratifi ed paleoclimate record from 
this cave (Fig. 10) indicates increased moisture 
from an enhanced monsoon from ca. 14 cal ka to 
9 cal ka, followed by onset of drier conditions at 
ca. 9 cal ka (Spaulding and Petersen, 1980). By 
ca. 7.5 cal ka and extending to the present, rela-
tive moisture levels fl uctuated (Lindsay, 1980). 
Similar to results of the present study, some 
periods of eolian sand deposition occurred dur-
ing wetter intervals: >12 cal ka to ca. 9 cal ka, 
ca. 7–4 cal ka, and 1.3 cal ka to present.

The vegetation changes recorded in dated 
sediments from our study sites match well 
with records of latest Pleistocene through 
Holocene climatic changes on the Colorado 
Plateau (Fig. 10). Although limited in detail, 
our pollen data are derived from eolian and 
fl uvial sediments and paleosols that permit 
direct association of these climatic changes 
with landscape response.

Timing and Episodic Nature of Dune 
Deposition, Alluviation, and Soil Formation

Records from a monitoring station in the 
Tusayan dune fi eld (Helm and Breed, 1999) 
show that winds at this site have drift potentials 
(ability to move eolian sand) among the high-
est reported worldwide (Fryberger and Dean, 
1979). These and other wind data coupled 
with measured ratios of precipitation to evapo-
transpiration in the Colorado Plateau (Muhs 
and Been, 1999) indicate that the region is 
extremely susceptible to wind erosion and sand 
transport. Thus, eolian activity is probably not 
transported-limited now or in the past; it is more 

likely that episodic sand deposition is caused by 
changes in sand supply from sediment sources 
or by changes in vegetation.

Comparison of the regional paleoclimate data 
and our local pollen data with dated eolian and 
alluvial deposits (Fig. 10) indicates eolian depo-
sition occurred during relatively dry periods 
(8–6 ka, 2 ka to present) and also coincided with 
alluvial deposition during relatively wet periods 
(15–12 ka, 5–2 ka). Instead of a direct response 
to climate, the key factors for eolian activity 
in this region may be sediment production by 
weathering of sand particles from sandstone 
bedrock coupled with either suffi cient moisture 
to produce runoff, or a drought suffi cient to 
reduce or change the distribution of vegetation. 
Although closely linked eolian and fl uvial depo-
sition may seem counterintuitive, the relation-
ship could be driven by greater sediment avail-
ability. During climatic transitions, the change 
or destabilization of vegetation could encourage 
transport of eolian sand as well as produce more 
available sediment on slopes. Such sediment is 
readily moved into drainages, but may not be 
transported far and ultimately could aggrade 
valley fl oors (Etheredge et al., 2004). Hereford 
(2002) attributes late Holocene aggradation in 
southern Colorado Plateau drainages to a long-
term decrease in the frequency of large fl oods of 
high sediment transport capacity.

Evidence for eolian sand transport and 
deposition in the Colorado Plateau is lacking 
between ca. 45 ka and 18 ka, whereas episodic 
fl uvial deposition is inferred from terraces along 
the Green and Colorado Rivers and drainages of 
the La Sal and Abajo Mountains (Harden et al., 
1985) and recorded locally within The Grabens 
(Fig. 10). Interpretations of packrat midden data 
show that the climate in this region was relatively 
cold and dry before and during the full glacial 
(Betancourt, 1990; Oviatt and Miller, 1997; 
Allen and Anderson, 2000; Wigand and Rhode, 
2002). Most paleoclimate interpretations sug-
gest that the full-glacial period in the Colorado 
Plateau experienced little or no summer precipi-
tation as monsoonal thunderstorms. Either such 
conditions were not conducive to production 
of sand by weathering, there was little runoff, 
and (or) the vegetation cover was suffi cient to 
stabilize the sand produced. Because physical 
weathering during such glacial climates should 
have enhanced sand production from bedrock 
sources, some combination of the latter two 
explanations seems most likely. In addition to 
the apparent absence of eolian sand deposition, 
the low IRM values for paleosols indicate that 
atmospheric dust inputs were not signifi cant 
during the period before ca. 17 ka.

The increase in precipitation and temperature 
during the late glacial and deglacial periods 
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(18–12 ka) was accompanied by a shift toward 
summer monsoonal precipitation (Shafer, 1989; 
Betancourt, 1990; Sharpe, 1991), and this shift 
is directly associated with the most substantial 
period of eolian sand deposition in both the 
Canyonlands area and the Chaco dune fi eld 
(Fig. 10; Wells et al., 1990), as well as alluvial 
deposition in The Grabens. Along major drain-
ages, late Pleistocene gravel terraces presumably 
correspond with this period, although very few 
numerical ages exist (Love and Gillam, 1991). 
The change in vegetation during this climate 
shift likely destabilized surface sediments, which 
were probably thick and abundant because of 
accelerated physical weathering during glacial 
climates, and the increase in runoff caused by 
more abundant and likely more intense summer 
rains increased fl uvial transport and deposition. 
Both of these processes would have increased 
the sand supply, leading to both dune deposition 
and alluviation. In addition, the atmospheric dust 
supply apparently increased during this period, 
judging from the concentrations of magnetic silts 
in paleosols (Figs. 5 and 6).

Sand deposition, both eolian and fl uvial, 
apparently stopped in the Canyonlands area by 
ca. 12 ka and a period of surface stabilization 
ensued, accompanied by rapid pedogenesis. The 
paleosols formed on unit 2 of the graben fi ll, 
unit 3 of the ISKY dune (Fig. 3), and the upper 
paleosol in dune-crest Virginia Park sites (Figs. 5 
and 6) are all more strongly developed than those 
formed on older or younger late Pleistocene 
units, yet formed in a period as short as 4000 yr. 
At Hamburger Rock, the deepest paleosols in 
trenches 2, 3, and 7 (Fig. 7) probably also formed 
during this time. The soil properties document 
both rapid deposition of magnetic, far-traveled 
dust and suffi cient moisture to translocate clays 
and CaCO

3
 downward to form argillic and calcic 

horizons, and pollen data indicate relatively wet 
conditions (Figs. 8 and 9). These data corrobo-
rate similar results in the Chaco dune fi eld (Wells 
et al., 1990) and are consistent with the presence 
of warmer, relatively wet conditions (compared 
with last glacial maximum) during the latest 
Pleistocene to early Holocene (Fig. 10) recorded 
throughout the region.

A brief period of eolian deposition at ca. 8 ka 
is recorded at Virginia Park, coincident with 
a decrease in rainfall and the appearance of 
drought-tolerant vegetation as the temperatures 
continued to warm (Fig. 10; Petersen, 1988; 
Shafer, 1989; Betancourt, 1990). This period 
corresponds with eolian deposition at Cowboy 
Cave (Spaulding and Petersen, 1980) and in the 
Tusayan dune fi eld (Anderson et al., 2001). There 
are no dates indicating eolian sand deposition in 
the region during the height of the early to mid-
Holocene drought, from ca. 7.5 ka to 6 ka, except 

for one site in the Tusayan dunes (Fig. 10). Com-
parison of properties of paleosols formed during 
this hiatus, which lasted 3000–4000 yr at our 
study sites, to those formed during the previous 
hiatus indicates that infi ltration of eolian dust was 
greatly reduced during the younger period; the 
younger soils lack argillic horizons and exhibit 
weak (stage 1) secondary CaCO

3
. These proper-

ties are consistent with relatively dry conditions 
indicated by climate records, as well as with 
the decrease in arboreal pollen and increase in 
Cheno-Am pollen at our sites.

Eolian and fl uvial deposition resumed in the 
Canyonlands National Park area during a some-
what wetter, cooler period in the region beginning 
at ca. 6 ka and ending by ca. 3–2 ka (Fig. 10), as 
indicated by midden records (Betancourt, 1990; 
Sharpe, 1991) and pollen data (Lindsay, 1980; 
Petersen, 1988). Wells et al. (1990) note a brief 
hiatus accompanied by weak pedogenesis in the 
Chaco dune fi eld at ca. 2.5 ka. Episodic eolian 
deposition in all three dune fi elds resumed by ca. 
2 ka and continues to the present day.

CONCLUSIONS

The record of eolian and alluvial deposition 
in upland areas of the Canyonlands area refl ects 
changes in climate and sediment availability 
during the past 50,000 yr. Paleosols formed 
during periods of landscape stability also record 
changes in local climate and regional conditions 
responsible for the production and delivery of 
eolian dust. Comparison of regional paleo-
climate data and pollen data from the present 
study with episodes of deposition shows that 
eolian sand deposition occurred during both 
relatively wet periods and dry periods, whereas 
alluvial deposition occurred mostly during wet-
ter periods. The apparent concurrence of eolian 
and alluvial deposition during relatively wet 
periods may result from increased sediment 
availability due to vegetation changes and to 
runoff from summer storms.

An important result of this study is that the 
delivery and soil-infi ltration rate of magnetic, 
nutrient-rich eolian dust (Reynolds et al., 2001; 
Sanford et al., 2001) appears to have been at a 
maximum between ca. 12 and 8 ka. Before ca. 
17 ka, and apparently back to at least 40 ka, little 
infi ltrated dust is recorded in the paleosols. After 
ca. 8 ka, either the supply of dust was reduced or 
the more arid climate inhibited translocation of 
dust into the soils. These dust-enriched paleo-
sols, which are within rooting distance of plants 
(50–100 cm depth), are important to plant nutri-
tion and thus to the ecosystem as a whole (Bel-
nap et al., 2000; Reynolds et al., 2001; Sanford 
et al., 2001). Recognition of the shallow depth 
and age of these paleosols, coupled with the 

ease with which they can erode when stabiliz-
ing crusts and vegetation are degraded (Belnap, 
1995; Belnap and Gillette, 1997), is thus impor-
tant to making land-management decisions in a 
time of fl uctuating climate.
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